Social pain after exclusion by others activates brain regions also involved in physical pain. Here we evaluated whether monetary reward could compensate for the negative feeling of social pain in the brain. To address this question we used the unique technique of intracranial electroencephalography in subjects with drug resistant epilepsy. Specifically, we recorded theta activity from intracranial electrodes implanted in the insular cortex while subjects experienced conditions of social inclusion and exclusion associated with monetary gain and loss. Our study confirmed that theta rhythm in the insular cortex is the neural signature of social exclusion. We found that while a monetary gain suppresses the effect of social pain in the anterior insula, there is no such effect in the posterior insula. These results imply that the anterior insula can use secondary reward signals to compensate for the negative feeling of social pain. Hence, here we propose that the anterior insula plays a pivotal role in integrating contingencies to update social pain feelings. Finally, the possibility to modulate the theta rhythm through the reward system might open new avenues of research for treating pathologies related to social exclusion.
Introduction
Prolonged periods of social isolation challenges mental health and can have dramatic consequences for the brain. Recent animal studies have shown that social isolation shortens telomeres-specialized DNA proteins on the end of linear chromosomes-considered an important biomarker of life expectancy. Consequently, animals that lived in social isolation have shorter lives (Aydinonat et al., 2014) . In humans, several studies provided evidence of the negative effects of social exclusion and isolation (Williams et al., 2002; Eisenberger and Lieberman, 2005) . Researchers defined social pain as the negative feeling arising from the deleterious experience of social exclusion and isolation (Macdonald and Leary, 2005) . Recent studies showed that social pain partially shares the same neural underpinning of physical pain, including the insular cortex, the anterior cingulate cortex, and the ventrolateral prefrontal cortex (Eisenberger et al., 2003; Eisenberger and Lieberman, 2005; Eisenberger et al., 2007) . Some theories have explained the appearance of this shared neural network in evolutionary terms (Panksepp, 2005; Cacioppo et al., 2014) . Hence, detecting and avoiding social pain just like the physical one is crucial for human fitness.
To date, a few studies have investigated the factors that can mitigate social pain. Recent studies R2. Social Pain Reward -Page 5
Several studies have shown the crucial role of the insula in social pain processing (Eisenberger et al., 2003; Cristofori et al., 2013) . Social pain is a clear example that insula, particularly the anterior part, can integrate body information. However, anterior and posterior sectors of the insula could be differently affected by the monetary reward during social exclusion. Studies on pain associate the posterior insula to the sensory-discriminative component (i.e., locus and duration of pain), whereas the anterior insula to the motivational-affective one (i.e., subjective estimation of pain) (Peyron et al., 2000) . The behavior and properties of the neurons, which lie within these two regions, might dictate their different functional roles. The anterior insula is characterized by agranular cortex and is rich in von Economo neurons (VENs) (Seeley et al., 2012) , spindle-shaped neurons also present in the anterior cingulate cortex (ACC) (Allman et al., 2011) . On the other hand, the posterior insula is composed by granular cortex and receives afferents from the posterior thalamic nuclei and somatosensory cortices (Mufson and Mesulam, 1982) . Due to its connections to projections of the reward system-such as OFC and ACC via VENs-the anterior insula could be selectively able to integrate monetary information in order to update body feelings generated by social pain. The anterior insula might receive the reward value estimation from the OFC [for a detailed review of OFC functions, see (Kringelbach, 2005) ] and modulate the sensory information from the body (social pain) received from the posterior insula (Frot et al., 2014) . For these reasons, we hypothesized that specifically the anterior insula could be able to integrate the reward information with the body information of social pain, and therefore modulate its activity during social exclusion.
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Social Pain Reward -Page 6 exclusion (Cristofori et al., 2013) . In addition, this low frequency oscillatory activity has a crucial role in several cognitive processes. For example, theta oscillatory activity increases when an individual receives a negative feedback or a monetary loss (Kamarajan et al., 2008; Lucchiari and Pravettoni, 2010; van Driel et al., 2012) . Moreover, theta power is modulated by the magnitude and the probability of monetary loss (Cohen et al., 2007; Cavanagh et al., 2012) .
To test whether the effect of reward (i.e., monetary gain) and punishment (i.e., monetary loss) is integrated during social pain, we measured the brain activity of 6 subjects implanted with intracranial electrodes to evaluate intractable epilepsy. Unlike other neuroimaging techniques, intracranial EEG (iEEG) provides unique access to brain cortical activity with high spatial resolution. In addition, this technique avoids muscle artifacts, including eyes movements (Sperling, 1997) . We used the modified version of the Euro Cyberball task (van Beest and Williams, 2006; Andari et al., 2010) , a computer ball-tossing game with two additional fictitious players, that subjects believed they were real. Subjects played in two games. During each game, we associated a monetary gain or loss to each ball toss received or not received. Game 1 involved the gain (loss) of 3€ (1€) each time a patient received (did not receive) a toss. During Game 2, the money awarded or withdrawn was switched (3€ were loss and 1€ was gained for a received and not received ball, respectively). Two blocks of 60 trials (i.e., ball tosses) were performed during each game: in the first block, subjects were included in the game; during the second block, they were excluded. The subjects received the 33% of the tosses during the former, while they did not receive any tosses until the end of the game during the latter. Figure 1 shows R2. Social Pain Reward -Page 7 --- Figure 1 and Table 1 about here---
Materials and Methods
Subjects. Six subjects (3 females) participated in the study. The mean age was 37.33 ± 9.33years.
The subjects suffered from drug-refractory partial epilepsy and were implanted with intracranial electrodes for pre-surgical identification of epileptogenic foci. Supplementary Figure S1 and Table 1 show the position and Talairach coordinates of the electrodes in the insula for all the subjects. Subjects' structural MRI and 18FDG PET scans showed no focal lesion or hypometabolism in any of the areas under investigation. The experiments were performed at least 8 days after electrode implantation. During this time, anticonvulsant drug treatments were tapered to record spontaneous epileptic seizures. All subjects were right-handed with normal vision. In addition, all the subjects gave their informed written consent prior to the beginning of the study, which was part of a large protocol approved by the local Ethical Committee (Centre Léon Bernard, Lyon IV).
Experiment. The Cyberball game was implemented using Presentation (version 11, Neurobehavioral Systems). Subjects were told that they were going to play with two other players connected via Internet. These other players were represented by cartoon drawings. The subjects' drawing appeared at the bottom of the screen in central position, symbolized by an animated hand. Subjects could choose to toss the ball to the other players by pressing the R2. Social Pain Reward -Page 8 experimenter was connecting him/her to the server. During that time, subjects observed the other (fictitious) players practicing the game for 30 trials. We used this "technical exclusion period" as baseline. The subjects were informed about the rules of the two games, but they did not know about the inclusion/exclusion manipulation. During Game 1, subjects gained 3€ for each ball they received, and lost 1€ for each ball they did not receive. In a first block of inclusion (60 trials), the subjects received 33% of the total amount of the balls and consequently they had the impression to earn money. During the block of exclusion (60 trials), the subjects received no ball during the entire block. Therefore, they had the impression of losing money. Game 2 followed the same organization: 60 trials of inclusion and 60 trials of exclusion. The order of the conditions was fixed between subjects. Subjects started the game with the same amount of money (i.e., €20) and they received 10% of the total amount earned during the games. At the end of each game, the subjects were asked to report their mood, using the General Mood Scale (Williams et al., 2000) (i.e. "I felt rejected"), and their feelings, using the Need Threat Scale (van Beest and Williams, 2006) (i.e., "I felt I had the control of the situation during the game". Both questionnaires used a scale that ranged from -50 (not at all) to +50 (totally).
Data acquisition. Stereotaxic implantation and iEEG electrodes location. This study was
conducted at the Neurological Hospital in Lyon. Electrodes were stereotaxically implanted with the subjects' structural brain anatomy taken into account [guidelines reported in (Isnard et al., 2004) ]. Recording electrodes were multicontact cylinders (Ø 0.8 mm; DIXI Medical) implanted perpendicularly to the midsagittal plane according to Talairach and Bancaud's stereotaxic technique (Talairach and Bancaud, 1974) . Contacts were 2mm long, ranging from 5 to 15 per electrode, and spaced 1.5 mm one from each other.
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Electrode location. Bipolar montages were calculated by subtracting the signals recorded from adjacent sites belonging to the same-depth electrode. For a detailed review of bipolar recording technique in iEEG see previous studies (Lachaux et al., 2003; Tallon-Baudry et al., 2005; Jerbi et al., 2009 ). This calculation resulted in 526 bipolar recordings (here called for simplicity "electrodes") across six subjects. For each bipolar montage, the Cartesian coordinates (x, y, z)
were calculated as the medium location of the two adjacent recording sites, resulting in the following anatomical repartition: temporal lobe 56.84% (n=299), frontal lobe 3.23% (n=17), parietal lobe 26.61% (n=140) and occipital lobe 13.30% (n=70) platform to obtain mesh of the insular cortex. Afterwards, it was possible to import these images on Anatomist and to plot the electrodes into the mesh. The electrode positions were verified with subjects' post-implantation anatomical MRIs.
Data Analysis
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Behavioral data analysis. Behavioral analyses were conducted using IBM©SPSS©21.0 with significance levels set to 0.05 for all analyses. Since behavioral data were non-normally distributed, percentages of ball tosses and scores as well as the self-reported questionnaires were analyzed using the Wilcoxon signed rank test.
iEEG data analysis. Continuous-depth EEGs were recorded on a 128-channel device (Micromed, Treviso, Italy), amplified, filtered (0.1-200 Hz bandwidth), sampled at 512 Hz, and stored together with digital markers of specific task events for subsequent off-line analyses.
Epoched data were detrended and then filtered with Butterworth filters: a low-pass filter with a cut-off frequency of 100 Hz and a band stop centered at 50 Hz. The last step of pre-processing consisted of applying automatic artifact detection. Any trial showing an absolute voltage above a 300µV threshold was automatically rejected. This method also discarded channels presenting more than 5% of rejected trials. Afterwards, data were visually inspected, and remaining channels/trials showing epileptic activity were discarded. Different codes were used to identify whether a trial was an inclusion (Incl Gain G1 and Incl Loss G2) or exclusion (Excl Loss G1 and Excl Gain G2) trial, whether the subjects were tossing the ball, whether they were receiving it or whether the ball was exchanged between the fictitious players. Trials including motor actions i.e., in which the subjects were tossing the ball (mouse clicking), were discarded. Signals were processed with an ad hoc software developed in our lab with Matlab (Matlab 7.5, MathWorks) based on Fieldtrip analysis functions (Oostenveld et al., 2011) .
Time-frequencies analysis. We performed wavelet analysis to enable spectral evaluation with high time-frequency resolution (see Supplementary Material for Wavelets transform details). We ran a group statistical analysis across and between blocks, across subjects, for each region R2. Social Pain Reward -Page 11 identified above and designated thereafter as regions of interest (ROIs). Analyses at the individual level were performed using the Mann-Whitney U test on power spectra S(t,f) between exclusion (Excl Loss G1 and Excl Gain G2) and inclusion trials (Incl Gain G1 and Incl Loss G2).
Multi-tests were performed by dividing the time frequency power maps in 250 time frequency windows. The resolution of the maps depended on the frequency band: from 3 to 10 Hz, 0.5Hz X 400 ms, and from 10 to 100 Hz, 10 Hz X 100 ms. Obtained p values were finally corrected using Bonferroni (250 TF windows X number of bipolar montages for the corresponding subject). In order to observe the variations of time frequency power during all the experiment, we averaged the normalized power spectra Snorm(t, f) across the trials duration (2 s) and frequency bands. and Excl Gain G2 vs Incl Loss G2). We used a non-parametric permutation test with 10000 permutations, and we used Bonferroni correction for multiple comparisons (p < 0.05, number of bipolar montage X number of frequency windows).
Finally, we performed a group analysis among common areas: anterior and posterior insula. A 2x2 ANOVA, with condition (inclusion versus exclusion) and reward (gain versus loss) as factors was conducted. We also performed a 2x2 ANOVA with condition (inclusion versus R2. Social Pain Reward -Page 12 exclusion) and region (anterior versus posterior insula) as factors and a 2x2x2 ANOVA with condition (inclusion versus exclusion), region (anterior versus posterior insula) and reward (gain versus loss) as factors. The F probabilities of the ANOVAs were corrected using permutation tests (10000 permutations).
Results
No difference was found in the percentage of balls sent to either player during the inclusion condition, indicating that subjects had no preference in tossing the ball to one of the two players (Z=-1.84, p=0.854).
Five out of 6 subjects had at least 1 electrode located in the anterior insula (total electrodes n = 6). One patient had two electrodes in the anterior insula (PJ). Comparatively, 5 out of 6 subjects had at least 1 electrode in the posterior insula (total electrodes n = 5). One patient had only one electrode in the posterior insula (BE), see Table of Figure 2 summarizes these results. In the anterior insula, there was higher theta activity in the exclusion (gain or loss) compared to inclusion blocks (gain or loss), and higher theta activity in the exclusion loss compared to exclusion gain. Conversely, the activity in the posterior insula showed less modulation with respect to reward. Indeed, the theta activity was higher only in the exclusion loss compared to inclusion gain condition. No differences were found between the two exclusions conditions (gain versus loss) and between inclusion loss and exclusion gain conditions. This result is suggestive that the posterior insula has an indiscriminate role in integrating reward value with social pain. The bottom panel of Figure 2 illustrates the average theta power during the time course of the two games for the anterior and posterior insula for a representative patient (JJ). Figure S3 (see Supplementary Material) shows detailed average theta power over the course of the game in each subject for the anterior and posterior insula.
---Figure 2 about here---
The same pattern was found when we plotted the time-frequency windows of the average of all the inclusion and exclusion trials for each block and game (Figure 3) . During Game 1, both anterior and posterior insula showed higher theta power in exclusion (monetary loss) compared to inclusion (monetary gain). On the other hand, during Game 2, differences on theta average power were observed only in anterior insula. Anterior insula showed no difference between R2.SCAN-14-396
Social Pain Reward -Page 14 exclusion (monetary gain) and inclusion (monetary loss). However, within this region, the theta power during rewarding exclusion (Game 2) was inferior to the theta power during monetary loss exclusion (Game 1). Conversely, during Game 2, posterior insula displayed theta activity in both inclusion and exclusion conditions. In addition, no difference was found in theta activity when comparing rewarding versus non rewarding exclusion. 
Discussion
In this study, we found that monetary reward during social exclusion suppresses the anteriorbut not posterior-insula theta activity. Thus, we provide evidence that monetary reward modulates theta activity in the anterior insula during the experience of social exclusion,
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Social Pain Reward -Page 15 insula responded in both exclusion conditions and showed a pattern of activity during inclusion involving monetary loss. In addition, anterior insula showed no activity during social inclusion associated to monetary loss, suggesting that social inclusion can be as rewarding as money, and that social inclusion can compensate for monetary loss.
Previous studies have shown that the anterior and posterior insula have different functional roles.
While the anterior insula has been associated with interoception, subjective awareness of internal states (i.e., disgust, anger and judgments of trustworthiness), empathy for pain (Craig, 2009; Singer et al., 2009; Meyer et al., 2013) , social pain (Eisenberger et al., 2003) and reward during risky decisions (Paulus et al., 2003) , the posterior insula has been rather linked with physical pain perception, humoral and vagus nerve interoceptive information (Singer et al., 2009) , and social pain (Kross et al., 2011) . Taken together, these studies indicate that anterior insula is involved in the social and affective processes, endorsing perception and integration from both endogenous exogenous sources. The functional differences between anterior and posterior insula may be a result of differences in their anatomical organization. Indeed, anterior and posterior insula different neural properties suggest that the VENs neurons, present only in the anterior insula (Craig, 2009 (Craig, , 2010 Evrard et al., 2012) , and bi-directionally connected to the reward networks-involved in evaluation and response selection-including areas such as OFC and ACC (Singer et al., 2009) , could be the carriers of the reward value signal. Special connections, from the anterior insula to the OFC, could allow the anterior insula to integrate the value of the reward in orsder to modulate the individual internal state. In the context of distress produced by social exclusion, VENs neurons could estimate the reward value and update the interoceptive states. On the other hand, the posterior insula, which is connected to subcortical regions, such as the thalamus (Craig, 2009; Khalsa et al., 2009) , might not be able to integrate the reward R2. Social Pain Reward -Page 16 information, as it does not receive inputs from the OFC. In addition, the posterior insula showed theta activity also during a negative inclusion (monetary loss), suggesting that this region encodes the negative emotions and feelings such as exclusion or losing money indiscriminately, that is, in a more primitive way. Consequently, in the posterior insula, the monetary gain cannot compensate for the exclusion, and the inclusion cannot compensate for the monetary loss. A previous fMRI study, has addressed the issue of how reward modulates the perception of social exclusion using the Cyberball task (Lelieveld et al., 2012) . Results showed that monetary gain during social exclusion decreased the activity of the dorsal ACC. Although the anterior insula was also activated by exclusion, no effect of reward was observed in this region. At first view, these results seem to stand in contrast with the ones we report here. However, it must be stressed that the experimental procedure between the two studies is different. Lelieveld et al. (2012) compared the effect of reward on social exclusion with the effect of social exclusion only, whereas in our protocol, social exclusion with reward was contrasted with social exclusion with a loss. Hence, in the context of a distress caused by social exclusion, experiencing a loss might have subjectively enhanced the perception of the reward, therefore, making monetary gain salient enough to induce higher activity in the anterior insula. This effect might have been also facilitated by the fixed order of our blocks, given that subjects always started with the reward condition. This was done because we wanted patients to start the experiment with the positive feeling of inclusion and gaining money. We have previously shown enhanced theta activity in the subgenual ACC during social pain by exclusion (Cristofori et al., 2013) . It would have been interesting to investigate whether social exclusion associated with reward or loss also affected activity of this region other than the anterior insula. Unfortunately, none of the subjects tested here had electrodes in the dorsal, anterior, or ventral sector of the ACC. Our study confirms the crucial role of theta waves in modulating social perception. Previous studies have shown that theta waves are involved in reward-based learning and behavioral adaptations (Cavanagh et al., 2010) , in feedback processing (Luu et al., 2003) , and in social pain (Cristofori et al., 2013) . The theta activity might be an alarm signal, indicating the need to change and adjust behavior. The fact that the anterior insula could modulate theta activity through the signal received from the OFC is supported by recent studies. For instance, Dymond and collaborators (Dymond et al., 2014) , while studying the "near-miss effect" (i.e., when losing and a wining display perceptual similarities), found an increased theta band activity during nearmisses in both the insula and OFC.
The present findings provide an empirical challenge to the understanding of how social pain can be neurally modulated. Such modulation-in which the insula covers a primary role-could facilitate affective learning and body homeostasis, and could guide social behaviors (Singer et al., 2009) . In recent years, the anterior insula has received increasing attention, as it has been recognized as a major interface between a person's internal emotional states and the external world (Mesulam and Mufson, 1985) . For instance, when individuals perceive an offer as unfair, the anterior insula is highly activated and positively correlated with the level of unfairness R2. Social Pain Reward -Page 18 perceived (Sanfey et al., 2003) . In the same way, social exclusion can be perceived as an unfair situation. The signal received from the social environment and mediated through the anterior insula could be essential in understanding to which extent certain distress situations can be tolerated. Social distress responses are a fundamental factor in preventing future social exclusion or in adopting coping strategies. Taken together, these results reveal that the anterior insula has a primary role in the integration of information from multiple sources: cognitive (e.g., monetary gain or loss) and emotional (e.g., social exclusion). These phenomena constitute the basis for social and affective processes such as reducing social pain. The evidence that social pain signals can be modulated in regions such as anterior insula, can open new avenues of research for the treatment of social pain, whose consequences are detrimental to individuals' survival and wellbeing.
Social Pain Reward -40, 2, -3 25, 14, 14 -27, 11, 12 -31,-3, 15 -27, -2, 16 -34, 9, -6 Posterior Insula -42, -18, 3 29, -23, 19 -32,-20, 19 -32, -18, 11 -34, -21, 11 Figure 1. Experimental procedure. The experimental procedure consisted of two separated games. Game 1 involved the gain (loss) of 3€ (1€) each time a patient received (did not receive) a toss. During Game 2, the money awarded or withdrawn was switched (3€ were loss and 1€ was gained for a received and not received ball, respectively). Both Game 1 and Game 2 consisted of an inclusion and exclusion period, 60 trials each (1 trial = 1 toss of the ball). 127x53mm (300 x 300 DPI) Figure 2 Theta insular activity over time. a) The top middle panel shows a 3D brain template, revealing the insular cortex segmentation. The red dots indicate the position of the electrodes showing theta activity in the anterior insula for all subjects. The fuchsia dots show the electrodes that presented theta activity in the posterior insula in all subjects. On the left and right top section, group statistics between blocks and across subjects for the anterior and posterior insula. The vertical bars in the two graphs represent the theta z-score (calculated from a 15s baseline activity) activation during inclusion (grey bar) and exclusion blocks (black bar). Incl Gain G1 stands for inclusion gain game 1, Excl Loss G1 stands for exclusion loss game 1, Incl Loss G2 stands for inclusion loss game 2 and Excl Gain G2 stands for exclusion gain game 2. *** Significant effects between exclusion and the corresponding inclusion block, p < .001 and * significant effects between exclusion blocks (Excl Loss G1 and Excl Gain G2), that it was only for the anterior insula (p<0.05). N = total number of electrodes placed in the two portions of the insular cortex. b) The bottom part depicts the detailed average theta power over the course of the game for patient JJ (selected electrodes). The periods of inclusion (Incl Gain G1 and Incl Loss G2) and exclusion (Excl Loss G1 and Excl Gain G2) are shown in light grey and black respectively 121x91mm (300 x 300 DPI) Figure 3 . Time frequency insular activity Average time-frequency diagrams of theta signal for all the trials during the game 1 (G1), on the top, and game 2 (G2) on the bottom, in a representative patient (patient JJ) for the anterior (left side) and posterior insula (right side). Each diagram represents the theta power averaged across all trials in a block (Incl Gain G1, Excl Loss G1, Incl Loss G2 and Excl Gain G2) respectively for the anterior and posterior insula. In the anterior insula, a clear theta pattern is visible in Excl Loss G1 (c) but not in Incl Gain G1 (a), Excl Gain G2 (g), nor Incl Loss G2 (e). The anterior insula shows a theta activity when exclusion has a negative valence (exclusion plus losing money) but not when it has a positive valence (exclusion plus gaining money). By contrast, the posterior insula is not affected by the positive or negative valence of exclusion and theta oscillations are present in both exclusion conditions (d and h). The posterior insula also shows a modest theta activity when inclusion has a negative value (f). 98x90mm (300 x 300 DPI)
